In order to elucidate the mechanism of the accumulation of considerable amounts of free nicotinic acid (NA) in the culture medium of Clostridium butylicum, this organism was investigated with regard to its ability to metabolize nicotinamide adenine dinucleotide (NAD) and its immediate biosynthetic precursors, nicotinic acid mononucleotide (NAMN) and nicotinic acid adenine dinucleotide (deamido-NAD). Cell-free extracts of C. butylicum were found to degrade NAMN and deamido-NAD to NA. NAMN, in the presence of adenosine triphosphate (ATP), was converted to deamido-NAD, but only at high concentrations of ATP (20 mM) was significant synthetic activity observed in competition with NAMN degradation. Degradation of both NAMN and deamido-NAD was activated by ATP at concentrations of 5 and 10 mm. Anaerobiosis markedly enhanced the degradation of the nucleotides. The data indicate that the synthesis of NAMN and deamido-NAD prevails over their degradation only in the presence of high concentrations of ATP.-NAD was degraded to nicotinamide mononucleotide (NMN) by a pyrophosphatase. Phosphate markedly inhibited both the deamido-NAD and NAD pyrophosphatases. Under anaerobic conditions there was practically no further degradation of NMN to NA, whereas barely measurable amounts of NA were formed under aerobic conditions. All of these observations suggest that, under the given conditions of anaerobiosis and physiological phosphate concentrations, there is very little degradation of NAD to NMN and practically no degradation to NA by C. butylicum. Thus, NAD represents an insignificant source of the NA accumulated in the culture medium. The intermediates in the biosynthetic pathway (NAMN and deamido-NAD) have been shown to be the major source of the NA which is accumulated by C. butylicum.
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Growing cultures of Clostridium butylicum accumulate significant amounts of nicotinic acid (NA) in the culture medium (10, 26) . Metabolically, free NA may be derived from the degradation of nicotinamide adenine dinucleotide (NAD) or its immediate biosynthetic precursors, nicotinic acid mononucleotide (NAMN) and nicotinic acid adenine dinucleotide (deamido-NAD). We have previously reported that C. butylicum synthesizes NAD de novo via the intermediates quinolinic acid (QA), NAMN, and deamido-NAD. NA cannot be utilized by this organism for the synthesis of NAD because it lacks the necessary pyrophosphorylase (10) . The presence of the specific enzymes required for the degradative reactions has not been investigated. Mycobacterium tuberculosis var.
35
hominis also accumulates NA in the culture medium (14, 15, 16, 20) . The NA accumulated by human strains of M. tuberculosis has been shown to be derived solely from NAD (13) . Evidence now will be presented that C. butylicum, in contrast to M. tuberculosis, degrades NAMN and deamido-NAD to NA, and that these nucleotides are the main source of the NA which accumulates in growing cultures of this organism. Determination of enzyme activities. Enzyme activities were assayed as previously described (13 KOH. An 80-,liter sample of the clear, deproteinized solution was used for paper chromatography analysis.
Chromatographic analysis. The reaction products were isolated by paper chromatography. Chromatographic analysis and measurement of radioactivity were carried out as previously described (13) .
Analytical methods. The protein content of the enzyme preparation was determined by the method of Lowry et al. (17) by using crystalline bovine serum albumin as a standard.
Calculations. The amount of radioactivity added to unlabeled substrate was calculated to be sufficient for detection of the products of degradation or synthesis at the level of at least 0.5% conversion of the substrate. In all cases where utilization of the substrate could not be detected at this level, the appropriate enzyme activity was considered to be absent. In all experiments, virtually all of the radioactivity added to the reaction mixture as "C-labeled substrate was accounted for as unmetabolized substrate and reaction products. For this reason, it was possible to equate the total radioactivity recovered (in counts per minute) to 100% in order to arrive at the molar values for each compound. Molar values of products formed are given for the incubation time indicated.
RESULTS
With 14C-QA as substrate, and in the absence of ATP, crude enzyme preparations of C. butylicum synthesized NAMN, but free NA was also found in the reaction mixture. Addition of ATP resulted in synthesis of both NAMN and deamido-NAD, but again a considerable amount of NA was present (Table 1) . This indicated that the synthesized nucleotides were degraded to NA and that the mechanism of NA accumulation by C. butylicum differed from that observed in M. tuberculosis (13) , which was found to be incapable of degrading the intermediates on the pathway from QA to NAD. To elucidate the metabolism of the intermediates in the biosynthesis of NAD from QA by C. butylicum, experiments were performed with 14C-NAMN and "4C-deamido-NAD as substrates.
Metabolism of NAMN. In the absence of ATP, 14C-NAMN was degraded to NA riboside (NAR) and NA ( Table 2 ). The degradation of NAMN was considerably higher when the reaction was conducted under anaerobic conditions (Fig. 1) . Activity of this enzyme was not markedly different in phosphate or Tris-hydrochloride buffers, indicating that NAMNase activity was unaffected by inorganic phosphate. In the presence of ATP (Fig. 2) , conversion of NAMN to deamido-NAD was observed. A considerable amount of NA was also formed in the presence of ATP. This indicated that degradation of NAMN, and possibly deamido-NAD was occurring concurrently with the synthesis of deamido-NAD. Uider anaerobic conditions, the amount of deamido-NAD formed increased only slightly at 5 mM ATP (Fig. 2) . At either 10 or 20 mM ATP, considerably greater amounts of deamido-NAD were observed. The amount of NA formed under anaerobic conditions in the presence of 5 mM ATP was even slightly increased over that observed in the absence of ATP. Repeated experiments always revealed this slight increase in NA formation at 5 mM ATP. At 10 mM ATP the amount of NA was still equivalent to that formed in the absence of ATP. Considerably less NA was formed at 20 mM ATP, but the amount was still greater than the amount of deamido-NAD synthesized. Aerobically, at a lower concentration of ATP, there was increased synthesis of deamido-NAD and less degradation of NA than was observed under anaerobic conditions. Only at 20 mM ATP did the differences in the amount of deamido-NAD synthesized or in the amount of NA formed under the two conditions become insignificant.
Conversion of NAR to NAMN in the presence of ATP could not be detected. (Table 3) .
Metabolism of deamido-NAD. In the absence of ATP, deamido-NAD was degraded to NA via NAMN ( Table 4 ). The reaction was markedly influenced by inorganic phosphate and by the imposition of aerobic conditions (Fig. 3) . Inorganic phosphate inhibited the degradation of deamido-NAD by 50 to 75% under either aerobic or anaerobic conditions. In either buffer system, the reaction was considerably greater under anaerobic conditions. Degradation of deamido-NAD was found to be markedly affected by the ATP concentration in the reaction mixture. At 5 and 10 mM ATP concentrations there was considerably more degradation than in the absence of ATP. Only in the presence of relatively high concentrations (20 mM) of ATP was a decrease in degradation observed (Fig. 4) . Under these conditions, it appears that reconversion of NAMN to deamido-NAD prevails over degradation. aerobic conditions were small but measurable amounts of NA observed (never more than 1.0 to 1.5% of the total radioactivity). Anaerobi-0.l cally, degradation of "4C-NAD to NA was negligible. The only other radioactive compound detectable in the experimental mixture was unmetabolized 14C-NAD. The absence of significant amounts of radioactively labeled nicotinamide or NA as products of NAD degradation by C 20
C. butylicum extracts indicated that NAD gly-2.5 (13) . This (deamido-NAD). 0, NA formed under aerobic condimethod gave negative results for glycohydrolase tions; 0, NA formed under anaerobic conditions; A, activity. NAD disappearance was observed in deamido-NAD degraded under aerobic conditions; significant amounts only under those conditions and A, deamido-NAD degraded under anaerobic in which NMN was found to be the major conditions. The reaction mixture contained: 1C- ing xperment (Fg. 5. Beaus preiousre-and ATP in the amounts indicated; enzyme preparaports described the presence of a heat-activable tion, 10 mg of protein in a total volume of 0.5 ml. In-NAD glycohydrolase in other bacteria (7, 8, 25) , cubation time was 3 h at 37 C. gase as was found in E. coli (19, 28) , because the DNA ligase was reported to be markedly stimulated by inorganic phosphate (28 because an enzyme cationic group will usually be present at the active center for interaction with the phosphate of the substrate (27) . Brown and Stadtman (3) reported that the Fe2+-dependent NAD pyrophosphatases isolated from C. propionicum are markedly inhibited by orthophosphate. However, the mechanism of this inhibition remains unclarified because of the possibility that the inhibition resulted from the precipitation of Fe2+ as Fe,(PO)2 from the reaction mixture, rather than from a direct effect on the entyme.
ATP exerted an unexpected effect on the degradation of NAMN and deamido-NAD in that it appeared to activate the degradation of these intermediates. The degradation of NAMN and deamido-NAD was greater in the presence of 5 to 10 mM ATP than in its absence. The activities of the nucleotidases degrading NAMN and deamido-NAD were substantially reduced only in the presence of a higher concentration of ATP (20 mM) . At this concentration of ATP, NAMN was converted to deamido-NAD in significant amounts, but degradation still prevailed over synthesis. In comparable experiments with S. cerevisiae, an organism known to possess all of the enzymes, of the pyridine nucleotide cycle, we have observed that QA, NAMN, and deamido-NAD were almost completely reduced to degradative products in the absence of ATP. Even in the presence of relatively low concentrations of ATP, there was a definite shift of all reactions in the direction of deamido-NAD synthesis. The degradation of deamido-NAD, which proceeded via NAMN, was almost completely inhibited by ATP, obviously because of reconversion of NAMN to deamido-NAD (unpublished data). These observations are in accord with those of Nakamura, Nishizuka, and Hayaishi (18) (Tables 1 and 2 ). Identical experiments with "C-NA as substrate revealed 4C-NA to be the only detectable compound at the end of the incubation. If NA was being converted to NAMN, then radioactively labeled NAMN, deamido-NAD, or NAR, should have been observed in detectable amounts. All of these observations support previous investigations which revealed that C. butylicum lacks NAMN pyrophosphorylase (10) . C. butylicum was found to possess NAMNase activity, but it was unable to phosphorylate NAR in the presence of ATP. In fact, ATP appeared to activate the degradation of the riboside (Table 3) .
As a result of the absence of NAMN pyrophosphorylase, the incapability of phosphorylating NAR to form NAMN and the presence of very active degradation of NAMN and deamido-NAD, NA accumulates in the culture medium. ATP stimulates the degrada.-tion of NAMN, deamido-NAD, and NAR, contributing to the accumulation of NA. On the other hand, ATP is a substrate in the conversion of NAMN to deamido-NAD and in the amidation of deamido-NAD to NAD. Concentrations of 20 mM ATP were required to suppress the degradative activity on NAMN and to permit the synthesis of deamido-NAD from NAMN in a significant amount. This dual function of ATP complicates the understanding of its role in the biosynthesis of NAD in C. butylicum. The mechanism of this effect of ATP is the subject of continuing investigations.
NAD was degraded to NMN by a pyrophosphatase. Under anaerobic conditions there was practically no further degradation of NMN. Only under aerobic conditions were small amounts of NA formed from NAD. This organism was found to possess an active nicotinamide deamidase; therefore, it is obvious that NMN was not degraded further to nicotinamide to any significant extent. Because it was also shown that phosphate strongly inhibited NAD pyrophosphatase activity, it is clear that under the conditions of anaerobiosis and physiological phosphate concentrations there is very little degradation of NAD to NMN or further degradation of NMN to NA by C. butylicum.
All of the information which has been presented suggests that the intermediates on the pathway of NAD biosynthesis represent the source of the NA which accumulates in the culture medium during growth of C. butylicum. In comparison, NAD was found to be the only source of NA accumulated in growing cultures of M. tuberculosis, for NAMN and deamido-NAD were not degraded by this organism (13) .
It appears unusual for an organism to irreversibly degrade such an important cofactor as NAD or its metabolic precursors. Most organisms which have been investigated to date appear to be able to recycle the products of the degradation of NAD or its biosynthetic intermediates (1, 4, 5, 6, 9, 11, 18, 22, 23, 24) . C. butylicum and M. tuberculosis var. hominis appear to be unique exceptions in this regard. These organisms may represent individual species in which the more common regulatory mechanisms of feedback and repression are absent. The irreversible degradation of NAD or its precursors may represent a crude substitute for metabolic control over the intracellular concentration of this cofactor.
